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Ozone is a more powerful oxidant than common oxidising agents, such as sodium hypochlorite and
hydrogen peroxide. It is considered as a safer starch modiﬁcation method for both consumers and the
environment. However, few studies have investigated the changes in starch properties associated with
ozone treatment, particularly when applied in aqueous solution. This work aimed to evaluate the
carbonyl and carboxyl contents, the X-ray diffraction patterns, the spectrum proﬁles of Fourier transform
infrared spectroscopy, the pasting properties and the surface morphology of ozone-oxidised cassava
starch during 60 min under different pH (3.5, 6.5 and 9.5) at 25 C. The pH 6.5 and 9.5 seemed to favour
the cross-linking between the depolymerised starch molecules during ozonation. The pH 3.5 was more
effective in reducing the peak viscosity, breakdown, setback and ﬁnal viscosity of cassava starch during
ozonation in aqueous solution. No differences in the granule surface morphology were observed in the
ozone-treated cassava starches compared to native starch.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Oxidised starches can replace native starches in various food
and non-food products when native starches does not attend phys-
icochemical, thermal and mainly pasting properties for starch
application. For example, oxidised starches can be produced for
application in butters and breading for coating in various food
products, in confectionary as binders and ﬁlm formers, in dairy
texturisers, and in paper industry (Vanier et al., 2012). Starch oxi-
dation is mainly performed by reaction of starch with an oxidant
agent under controlled pH and temperature.
During the oxidation process, the hydroxyl groups of the starch
molecules are oxidised to carbonyl groups, followed by carboxyl
groups (Wang & Wang, 2003). The number of carbonyl and car-
boxyl contents indicates the extent of oxidation, which primarily
on the hydroxyl groups at C-2, C-3 and C-6 positions (Wurzburg,
1986). The main reagents used for starch oxidation are sodium
hypochlorite and hydrogen peroxide, but ammonium persulfate,
sodium bromate, sodium and potassium permanganate and ozonegas have also been utilised (Dias, Elias, Oliveira, & Helbig, 2007;
Wang & Wang, 2003; Zhang, Zhang, Wang, Chen, & Wang, 2009).
Between these pro-oxidant agents, only ozone does not generate
toxic residues; all the others can lead to environmental contamina-
tions. Another advantage of ozone is its powerful oxidant capacity
since it has an extra oxygen atom (Kaur, Arifﬁn, Bhat, & Karim,
2012). Moreover, the new challenges of starch modiﬁcations re-
quire safer modiﬁcations for both consumer and environment.
Ozone can be applied in starch as gaseous phase or aqueous
solution. Most studies have focused on studying the pro-oxidative
effects of ozone on powdered starch (An & King, 2009; Chan, Bhat,
& Karim, 2009; Chan, Fazilah, Bhat, Leh, & Karim, 2012; Chan et al.,
2011; Oladebeye, Oshodi, Amoo, & Karim, 2013; Sandhu, Manthey,
& Simsek, 2012). Since Szymanski (1964), few studies have eluci-
dated the alterations in starch properties as a result of ozone expo-
sure in aqueous solutions. These authors focused on the carbonyl
and carboxyl contents of corn starch oxidised with ozone under
different water content, solvents and temperatures, and showed
that a high water content and a temperature of 23 C favoured
the inclusion of carbonyl and carboxyl groups into the starch mol-
ecules. Kesselmans and Bleeker (1997) studied the use of different
catalysts, pH and starch sources for ozone oxidation of starch in
aqueous solution. According to the authors, the pH of reaction is
preferable between 4.0 and 10.5, but only carbonyl and carboxyl
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(2012) accessed the pasting and structural properties of ozonated
corn and potato starches in aqueous solution and reported high
pasting temperature and lower peak viscosity, breakdown and ﬁnal
viscosity for ozone treated starches, as well structural changes in
starch granules due to ozone treatment.
This work aimed to evaluate the carbonyl and carboxyl con-
tents, the X-ray diffraction patterns, the spectrum proﬁles of Fou-
rier transform infrared spectroscopy, the pasting properties and
the surface morphology of ozone-oxidised cassava starch during
60 min under different pH (3.5, 6.5 and 9.5) at 25 C, in order to im-
prove the knowledge about ozone oxidation of starch in aqueous
solution and obtain starches with different crystallinity, pasting
and morphological properties for application in various food and
non-food products.
2. Materials and Methods
2.1. Materials
Cassava starch was purchased from a local market in the city of
Pelotas, State of Rio Grande do Sul, Brazil. The cassava starch pre-
sented 22% of amylose content and 99.4% of purity. All the chemi-
cals and reagents used in this work were analytical grade or better.
2.2. Starch oxidation
The cassava starch oxidation with ozone was carried out using a
glass ball reactor with four inputs and a 2000 mL-capacity, which
was placed in a water bath under controlled temperature. The four
inputs were used for the inclusion of: (1) an agitator rod system, (2)
a mercury thermometer, (3) a potentiometer with digital compen-
sation of temperature, and (4) a burette for adding reagents in order
to control the pH of the reaction. The starch (200 g d.b.) was dis-
persed in 300 mL of distilled water and added into the glass ball
reactor with immediate control of temperature and pH. Experi-
ments were conducted at pH 3.5, 6.5 and 9.5, at 25 C. Solutions
of 0.01 N HCl and 0.01 N NaOH were used to hold the desired pH
during reaction. An ozone generator type corona was connected
in the reactor with a gas concentration of 13 mg L1. This value
was taken as the concentration of O3 that reached the bubble type
reactor. After 60 min of reaction, the samples were withdrawn from
the reactor and washed with distilled water. Afterwards, the starch
was dried in an oven at 40 C until 11% moisture content.
2.3. Carbonyl content
The carbonyl content was determined according to the titrimet-
ric method as described by Smith (1967). A starch sample (2 g) was
added to 100 mL of distilled water in a 500 mL ﬂask. The suspen-
sion was pasted in a boiling water bath for 20 min under constant
stirring, cooled to 40 C and adjusted to a pH value of 3.2 with 0.1 N
HCl. A hydroxylamine reagent (15 mL) was then added to the mix-
ture. The ﬂask was stoppered and placed in a 40 C water bath for
4 h with slow stirring. The excess hydroxylamine was determined
by rapidly titrating the reaction mixture to a pH value of 3.2 with
standardised 0.1 N HCl. A blank determination with only the
hydroxylamine reagent was performed in the same manner. The
hydroxylamine reagent was prepared by ﬁrst dissolving 25 g of
hydroxylamine hydrochloride in 100 mL of 0.5 N NaOH before
the ﬁnal volume was adjusted to 500 mL with distilled water.
The carbonyl content was expressed as the quantity of carbonyl
groups per 100 glucose units (CO/100 GU), as calculated by Eq. (1):
CO=100 GU ¼ ðVb VsÞ M  0:028 100
W
ð1Þwhere Vb is the volume of HCl used for the blank (mL), Vs is the vol-
ume of HCl required for the sample (mL), M is the molarity of HCl
and W is the sample weight (d.b).
2.4. Carboxyl content
The carboxyl content of the oxidised starch was determined
according to the modiﬁed procedure of Chattopadhyay, Singhal,
and Kulkarni (1997). Approximately 2 g of a starch sample were
mixed with 25 mL of 0.1 N HCl, and the slurry was stirred occasion-
ally for 30 min with a magnetic stirrer. The slurry was then vac-
uum-ﬁltered through a 150 mL medium porosity fritted glass
funnel and washed with 400 mL of distilled water. The starch cake
was then carefully transferred into a 500 ml beaker, and the vol-
ume was adjusted to 300 mL with distilled water. The starch slurry
was heated in a boiling water bath with continuous stirring for
15 min to ensure complete gelatinisation. The hot starch disper-
sion was then adjusted to 450 mL with distilled water and titrated
to a pH value of 8.3 with standardised 0.01 N NaOH. A blank test
was performed with unmodiﬁed starch. The carboxyl content
was expressed as the quantity of carboxyl groups per 100 glucose
units (COOH/100 GU), as calculated by Eq. (2):
COOH=100 GU ¼ ðVs VbÞ M  0:045 100
W
ð2Þ
where Vs is the volume of NaOH required for the sample (mL), Vb is
the volume of NaOH used to test the blank (mL),M is the molarity of
NaOH and W is the sample weight (d.b).
2.5. X-ray diffraction
X-ray diffractograms of the native and ozone-oxidised cassava
starches were obtained with an X-ray diffractometer (XRD-6000,
Shimadzu, Brazil). The scanning region of the diffraction ranged
from 3 to 45 with a target voltage of 30 kV, current of 30 mA
and scan speed of 1/min. The relative crystallinity (RC) of the
starch granules was calculated as described by Rabek (1980) using
following the equation: RC ð%Þ ¼ ðAc=ðAc þ AaÞÞ100Þ; where Ac is
the crystalline area; and Aa is the amorphous area on the X-ray
diffractograms.
2.6. FTIR spectroscopy analysis
The infrared spectra of the native and ozone-oxidised cassava
starches were obtained with an IR Prestige-21, Shimadzu, in the re-
gion of 4000–400 cm1. Pellets were created by a mixture of the
sample with KBr at a ratio of 1:100 (sample: KBr). Ten readings
were collected at a resolution of 4 cm1. All spectra were base-
line-corrected, and then deconvoluted using Grams/32 spectral
analysis software (Galactic Industries Corp., Salem, Nh., U.S.A.).
The wavenumbers for each of the underlying bands were esti-
mated from the second derivative of the original spectra, and each
band was ﬁtted with Gaussian function. The secondary structural
content was determined from the relative areas of the individual
bands in the region of 1225–950 cm1.
2.7. Pasting properties
The pasting properties of the starch samples were determined
using a Rapid Visco Analyser (RVA–4, Newport Scientiﬁc, Australia)
with a Standard Analysis 1 proﬁle. The viscosity was expressed in
rapid visco units (RVUs). Starch (3.0 g of 14 g/100 g wet basis) was
weighted directly in the RVA canister, and 25 mL of distilled water
was then added to the canister. The sample was held at 50 C for
1 min, heated to 95 C in 3.5 min, and then held at 95 C for
2.5 min. The sample was cooled to 50 C in 4 min and then held
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and it was maintained at 160 rpm during the remaining process.
Parameters including pasting temperature, trough viscosity, peak
viscosity, holding viscosity, breakdown, ﬁnal viscosity and setback
were recorded.
2.8. Scanning electron microscopy (SEM)
The morphology of the starch granules was examined using a
scanning electron microscope (Shimadzu, SSX-550). Starch sam-
ples were initially suspended in acetone to obtain a 1% (w/v) sus-
pension, and the samples were maintained in an ultrasound for
15 min. A small quantity of each sample was spread directly onto
the surface of the stub and dried in an oven at 32 C for 1 h. Subse-
quently, all of the samples were coated with gold and examined in
the scanning electron microscope under an acceleration voltage of
15 kV and magniﬁcations of 2000 and 5000.
2.9. Statistical analysis
Analytical determinations for the samples were performed in
triplicate, and standard deviations were reported, except for
X-ray diffractograms and FTIRspectroscopy analysis. A comparison
of the means was ascertained by Tukey’s test to a 5% level of signif-
icance using an analysis of the variance (ANOVA).Fig. 1. X-ray diffraction pattern of ozone-oxidised cassava starches in aqueous3. Results and discussion
3.1. Carbonyl and carboxyl group contents
The carbonyl and carboxyl contents of the native and ozone-
oxidised cassava starches are listed in Table 1. The highest carbonyl
and carboxyl contents were obatined in ozone-oxidised cassava
starch at pH 9.5. Kesselmans and Bleeker (1997) oxidised potato
starch with ozone in aqueous solution and performed a series of
tests related to pH and the use of catalysts, evaluating the carbonyl
and carboxyl contents of starches. In accordance with our results,
the authors also observed a higher carboxyl content of ozone-oxi-
dised potato starch treated at alkaline pH (9.0) compared to ozone-
oxidised potato starch at pH 6.6.
The 0.011% and 0.028% of carbonyl and carboxyl contents,
respectively, obtained for cassava starch treated at pH 9.5 are low
compared to the data reported by Sangseethong, Termvejsayanon,
and Sriroth (2010). These authors reported the carbonyl content to
be approximately 0.38–0.65% and 0.04–0.08% when using sodium
hypochlorite and hydrogen peroxide, respectively, and a carboxyl
content of around 0.10% and 0.65–0.70% when using sodium
hypochlorite and hydrogen peroxide, respectively. The oxidation of
cassava starch performed by Sangseethong et al. (2010) was from
reaction times between 30 and 300 min with a starch slurry
containing 40% dry solid. Our results are also lower than those
reported by Chan et al. (2009), who reported carbonyl and carboxylTable 1
Carbonyl and carboxyl content of native and ozone-oxidised cassava starches under
different pH of the aqueous solution.
Treatment Parametera
Carbonyl content (%) Carboxyl content (%)
Native 0.002 ± 0.001b 0.000c
pH 3.5 0.002 ± 0.001b 0.000 ± 0.000c
pH 6.5 0.002 ± 0.001b 0.021 ± 0.001b
pH 9.5 0.011 ± 0.003a 0.028 ± 0.001a
a Different letters in the same column statistically differ (p < 0.05). Results are the
means of three determinations ± standard deviations.contents between 0.025–0.250% and 0.002–0.063%, respectively,
from different starch sources (corn, sago and tapioca) subjected to
gaseous ozone treatment using 1, 3, 5 and 10min ozone generation
times (OGTs). According to Wurzburg (1986), two important reac-
tions occurs during oxidation: the ﬁrst step is the oxidation of hy-
droxyl groups to carbonyl and carboxyl groups, and the second
step is the depolymerisation of starch molecules by cleavage of a-
(1, 4)-glucosidic linkages. The low carbonyl and carboxyl contents
obtained in our results can be attributed to the high starch concen-
tration used in water during ozonation and also to the low reaction
time compared to the works of Szymanski (1964) and Kesselmans
and Bleeker (1997).3.2. X-ray diffraction
The X-ray diffraction patterns of the native and ozone-oxidised
cassava starches are presented in Fig. 1. The oxidised cassava
starches showed X-ray diffraction patterns similar to that of native
starch. The diffraction pattern of native and ozone-oxidised cas-
sava starches presented small peaks at 5.6, 11.25, 19 and 30,
and main peaks at 15, 17, 17.8 and 23 (Fig. 1). The peak inten-
sities are presented in Table 2, while the relative crystallinity is
shown in Fig. 1. An increase was observed in the intensity of the
main peaks, 15, 17, 17.8 and 23, for ozone-oxidised cassava
starches when compared to native cassava starch. At 15, 17.8
and 23 there was an increase in the peak intensity for starches
oxidised under pH 3.5, 6.5 and 9.5, while at 17 the increase was
just remarkable at pH 9.5 (Table 2). On the other hand, the relative
crystallinity decreased in ozone-oxidised cassava starches as pre-
sented in Fig. 1. The relative crystallinity followed the order: native
>pH 3.5 > pH 6.5 > pH 9.5. According to Miao, Zhang, and
Jiang (2009), crystallinity differences between starches may beTable 2
Intensity of the X-ray diffractogram peaks of the studied ozone-oxidised cassava
starches.
Treatment Intensity (CPSa)
5.6 11.25 15 17 17.8 19 23 30
Native 515 935 1595 1796 1722 1079 1479 790
pH 3.5 490 939 1702 1791 1869 1117 1557 795
pH 6.5 515 935 1718 1803 1737 1152 1488 743
pH 9.5 538 947 1764 1964 1805 1158 1575 840
a CPS is the abbreviation for counts per second.
solution at different pH. RC = Relative crystallinity.
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that are inﬂuenced by crystalline content and chain length; (3) the
orientation of the double helices within the crystalline area; and
(4) the extent of interaction between the double helices.
Although the starch presented lower relative crystallinity after
ozone oxidation in an aqueous solution, independently of the pH
of reaction, compared to native cassava starch, the increase in
the X-ray peak intensities suggests the displacement of the adja-
cent double helices and the rearrangement in orientations that
are in a more perfect parallel array. The lower crystallinity of cas-
sava starches after being treated with ozone shows that the oxida-
tion did not occur only in the amorphous lamellae, but also in the
semi-crystalline domain of starch. Thus, the decrease in relative
crystallinity in ozone-oxidised cassava starch in aqueous solution
at different pHs is probably a result of the starch amylopectin
chains depolymerisation by the cleavage of the a-(1,4)-glucosidic
linkages. Although the carbonyl and carboxyl contents of starch
treated at pH 3.5 did not differ from native starch (Table 1), it is
possible to verify by the X-ray diffraction analysis that the aqueous
ozone oxidation resulted in structural changes in the starch
granule.
3.3. FTIR spectroscopy analysis
Fig. 2a represents the FTIR spectra of native and ozone-oxidised
cassava starches. The spectral patterns of all samples were similar.
The band absorbance in starch has been assigned and matched
with the vibrational modes of the chemical bonds by many
researchers. In the present study, cassava starch exhibited over
10 peaks in the regions of 4000–500 cm1 (Fig. 2a). From previous
studies, Irudayaraj and Yang (2002) showed that the absorbance at
3422 and 2928 cm1 can be attributed to O–H and C–H bond
stretching, respectively. The peak of starch at 1650 and
1460 cm1 were assigned as C–O–C stretching and C–H bending,
respectively (Lee, Kweon, Koh, & Lim, 2004). The absorbance at
1155 and 1080 cm1 are both assigned as the coupling of C–O,
C–C and O–H bond stretching, bending and asymmetric stretching
of the C–O–C glycosidic bridge (Goodfellow & Wilson, 1990; van
Soest, de Wit, Tournois, & Vliegenthart, 1994). Absorbance at
1010 cm1 is assigned to the vibration of C–O–H deformation
(van Soest, Tournois, de Wit, & Vliegenthart, 1995), and absorbance
at 925 and 860 cm1 are assigned both for C–H bending (Irudayaraj
& Yang, 2002). Recent developments in FTIR spectroscopy have al-
lowed for determination of starch crystallinity (van Soest et al.,
1995). The IR absorbance band at 1047 cm1 has been considered
sensitive to ordered or crystalline structure and the band at
1022 cm1 have been associated with amorphous structure in
starch. Thus, the ratio of intensity of 1047/1022 cm1 can express
the degree of order in starch (van Soest et al., 1994, 1995). To fur-
ther conﬁrm the XRD results, FTIR spectra of native and ozone-oxi-
dised cassava starches (Fig. 2a) were deconvoluted (Fig. 2b) for a
better resolution of the overlapping peaks. The ratio of 1047/
1022 cm1 was calculated to represent the amount of crystalline
to amorphous phase in native and ozone-oxidised cassava starches.
The ratio for ozone-oxidised cassava starches at pH 3.5, 6.5, and 9.5
was 0.53, 0.49 and 0.44, respectively, in comparison with the na-
tive starch (0.57). The higher value indicated that a crystalline
phase existed in the native cassava starch. Similar results were ob-
tained from X-ray diffraction, in which the native cassava starch
exhibited a higher crystalline content than the various pH treated
ozone-oxidised cassava starches (Fig. 1). As expected, the ratio of
1047/1022 cm1 decreased with increasing the pH, which indi-
cated that the oxidation process altered the chain packing and gen-
erated more amorphous structures in starch. Based on the above, it
is evident that ozone-oxidised cassava starches affects the vibra-
tional modes of some chemical bonds in starch.3.4. Pasting properties
The pasting properties of the oxidised starches analysed with a
Rapid Visco Analyser (RVA) are shown in Table 3. The pasting tem-
perature of the ozone-oxidised cassava starches was similar to na-
tive starch. The pH of reaction inﬂuenced the trough viscosity, the
peak viscosity, the breakdown, the setback and the ﬁnal viscosity
of ozone-oxidised cassava starch. The cassava starch oxidised at
pH 3.5 showed the lowest trough viscosity, peak viscosity, break-
down, setback and ﬁnal viscosity (Table 3). According to Chan
et al. (2009), the decrease in peak viscosity for oxidised starches
can be attributed to the partial cleavage of glycosidic linkages,
resulting in a decrease of molecular weight of starch molecule.
The decrease in peak viscosity suggests that starch swelled to a low-
er extent. The peak viscosity of cassava starch oxidised with ozone
at pH 6.5 and 9.5 was higher than the peak viscosity of cassava
starch oxidisedwith ozone at pH 3.5 (Table 3). This has probably oc-
curred due to the cross-linking between some previously depoly-
merised starch molecules, increasing its molecular weight. This
statement is supported by the ﬁndings of Chan et al. (2011), who
observed an increase in molecular weight of tapioca starch treated
with gaseous ozone as a result of cross-linking. Our results allow to
infer that the use of pH 6.5 and more alkaline (pH 9.5) during aque-
ous ozone oxidation facilitates the interaction between depolymer-
ised starch molecules compared to acid pH (3.5), where there was
no cross-linking between low-molecular weight molecules.
The lower breakdown of cassava starch treated at pH 3.5 indi-
cated the higher ability of starch granule to resist shear force during
heating. Since the starch in this case presented a lower peak viscos-
ity, indicating that it swelled to a lower extent, the less swelled
starch granules would be harder to disrupt during shear force. On
the other hand, the greater breakdown of the ozone-oxidised cas-
sava starch at pH 6.5 and 9.5 compared to pH 3.5 probably occurred
due to cross-linking, which may have increased the ability of starch
molecules to retain water and swell. Çatal and Ibanog˘lu (2012) also
reported a decrease in peak viscosity, breakdown and ﬁnal viscosity
of ozone-oxidised potato and corn starches in aqueous solution.
The setback is inﬂuenced by amylose leaching, granule size and
presence of non-fragmented swollen granules (Lan et al., 2008).
Amylose has a higher ability to rearrange after gelatinisation than
amylopectin because amylose presents only 1% of a-(1,6) glucosidic
linkages while amylopectin presents around 5% (Klein et al., 2013).
The ozone oxidised both the amorphous and semi-crystalline do-
mains of starch granules, depolymerising glucosidic linkages of
starch chains. The lowest setback was observed in cassava starch
treated at pH 3.5, probably as a result of the disability of cleaved
starch molecules to interact and retrograde. Moreover, the starch
treated at pH 6.5 and 9.5 showed a higher capacity to retrograde
than starch treated at pH 3.5, which may be related to cross-linking
of the depolymerisedmolecules, improving its ability to reassociate
after granule fragmentation during shear. This ability provides a
higher ﬁnal viscosity of the starch treated at pH 6.5 and 9.5 com-
pared to cassava starch treated at pH 3.5.
3.5. Morphology of starch granules
The scanning electron micrographs (SEM) of the native and
ozone-oxidised cassava starch granules are shown in Fig. 3. The
SEM technique was applied in order to evaluate whether the ozone
treatment in aqueous solution at different pH affected the surface
morphology of the starch granules. Similarly to observations of
Sangseethong et al. (2010), our native cassava starch showed
round shape with a truncated end on one side and a smooth sur-
face with no evidence of any ﬁssures or pores (Fig. 3a and b). The
truncated end of native and ozone-oxidised cassava starch gran-
ules presented a rough surface (indicated by arrows in Fig. 3a, c,
9.5
6.5
3.5
Native
(a)
(b)
Fig. 2. Original (a) and deconvoluted, (b) FTIR spectra of the native and ozone-oxidised cassava starches.
Table 3
Pasting characteristics of the native and ozone-oxidised cassava starches under different pH of the aqueous solution.
Treatment Parametera
Pasting temperature (C) Trough viscosity (RVU) Peak viscosity (RVU) Breakdown (RVU) Setback (RVU) Final viscosity (RVU)
Native 67.1 ± 0.0a 133.5 ± 1.8c 301.7 ± 3.3a 164.2 ± 2.6a 63.3 ± 1.6a 200.9 ± 0.9b
pH 3.5 66.6 ± 0.4a 125.8 ± 2.0d 250.7 ± 1.6c 124.8 ± 2.7c 39.9 ± 1.7c 165.7 ± 2.6c
pH 6.5 67.1 ± 0.2a 162.9 ± 2.1a 301.2 ± 4.1a 138.4 ± 5.0b 53.1 ± 1.5b 219.5 ± 2.2a
pH 9.5 67.1 ± 0.2a 150.7 ± 2.2b 289.4 ± 3.9b 138.6 ± 2.1b 62.5 ± 5.9a 207.4 ± 8.7ab
a Different letters in the same column statistically differ (p < 0.05). Results are the means of three determinations ± standard deviations.
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e f
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Fig. 3. Scanning electron micrographs of cassava starches: native starch at 2000 (a) and 5000 (b) magniﬁcations. Ozone-oxidised starch using pH 3.5 at 2000 (c) and
5000 (d) magniﬁcations; pH 6.5 at 2000 (e) and 5000 (f) magniﬁcations; and pH 9.5 at 2000 (g) and 5000 (h) magniﬁcations.
172 B. Klein et al. / Food Chemistry 155 (2014) 167–173e and g). The Fig. 3d, f and h shows the truncated end of cassava
starch granules at a magniﬁcation of 5000-fold. Çatal and Ibanog˘lu
(2012) reported changes in the shape and the surface of potato
starch granules after ozonation in aqueous solution, but changes
in corn starch granules were difﬁcult to see. Differences in ozone
concentration, starch concentrations in water during ozonation,
starch source, pH of reaction and time of reaction are responsible
for divergence in literature data on ozone-oxidation of starch in
aqueous solution. Comparing the ozone-oxidation with traditional
hydrogen peroxide or sodium hypochlorite oxidations, the oxida-
tion with hydrogen peroxide and sodium hypochlorite even at 3%
active chlorine for reaction time up to 60 min also does not change
the shape and surface of cassava starch granules (Sangseethong
et al., 2010).4. Conclusions
Few studies have discussed the properties of ozone-oxidised
starches in aqueous solution. The carbonyl and carboxyl contents,
the crystallinity and the pasting properties of cassava starch were
inﬂuenced by the pH of the reaction. However, no morphological
differences were observed in the granules surface. The variations
in the literature data on the effect of ozone oxidation on starch
are most likely due to the differences in the starch source and
methods used for ozonation, variation in reaction time, pH, ozone
concentration and phase (as gaseous phase or aqueous solution). It
was observed in this study that pH 6.5 and 9.5 seemed to favour
the cross-linking between depolymerised starch molecules during
ozonation. On the other hand, pH 3.5 was more effective in
B. Klein et al. / Food Chemistry 155 (2014) 167–173 173reducing peak viscosity, breakdown, setback and ﬁnal viscosity of
cassava starch during ozonation in aqueous solution.
Future works must evaluate the molecular weight of different
starch sources treated with ozone in aqueous solution and also
vary the concentration of starch in water and the time of reaction
in order to intensify alterations on starch properties. Moreover, fu-
ture studies must consider the association between starch modiﬁ-
cation methods, such as acid modiﬁcation accompanied by
oxidation, which is used for sour cassava starch production.
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